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INTRODUCTION

lthough the main purpose of this report is to preseni the progress
during the fourth quarter of this contract period it also summarizes the
effort of the total three year program and is the final report for this

program and contract.

The objective of this research program has been to study the effects of
strong persistent vortices on a turbulent boundary layer. The program has

b ily experimental, making use of a facility designed particuiarly
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incompressible bouadary layer

weas initiated in 1963 under the ILing-Temco-Vought in-

development program. funds oy suppicmentin

by

i

ewisting effort were solicited and resulted in Contract NASw-T7307 effective

[}
»7 June 19€3 and extended through Contract NASW-956° effective 26 June 196k
and Contract NASw-956 (Modification 1)3 effective 26 June 1965. The work

statements included in the three contract periods are as follows:
1963 - 196L4 Contract No. NA3w-T30

1. Develop methods for experimentally initiating and contrclling vortex
elements in a turbulent boundary layer. The vortex elements de-
sired will include both the ring-type and the spiral longitudinal-
Lype.

. Determine the effects of the vortex-boundary layer interaction in

[

the boundary layer, as seen by total pressure profiles, turvulence
intensity profiles, and direct skin friction measurements. This is
to be performed for various scales and intensities of vortex elements
for given boundary layer conditions, and over a range of length
Reynolds numbers.

3. Begin analyses of the experimental data in the light of previcus

applicable theoretical and experimental studies, and attempt to ex-

nlain the Tlow mechanisms involved.

o]

AT A e s ,

196L-1965 Centract No. NASW-356

1. Continue systematic experimental studies of the effects of persis-

tent vortices on turbulent momentum transpoft and, in particular,




an skin friction drag and net drag, including-form drag of the
clements.

o, Investigate the flow in the viscous sublayer of a turbulent boundary
layer for a smooth wall and with wall-mounted disturbance elements.
This will include steady-state and instantaneous velocity and wall
shear stress measurements. Analysis will be made with regards to
recent theories of stability and mixing in a turbulent boundary layer.

3. It is expected that an evaluation of the effectiveness of reducing
net drag by producing persistent vortices will be made during con-
tract year 1964-1965. If this evaluation shows thail drag reduction
is possible, effort will be applied to optimizing the effect, and
it i: recognized that accordingly less effort will be applied to

Task Nc. 2.

. If, after a thorough investigation, it appears that no net drag re-
duction is possible due to persistent vortices, accordingly more of

the effort will be applied to Task No. 2, and Task No. 3 will not be

considered. In addition, a study will be initiated regarding other

o]
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sible “echniques for reducing drag in the turbulent boundary layer.

e}
(9

1545=-1966 Contract No. NASW-956 {Modification 1)

1. Conclude the experimental studies and the required analyses on the
effects of added vorticity and disturbances on drag reduction in
the ‘urbulent boundary layer.

o, Investigate the mechanism of the fully developed turbulent boundary

layer by observing the turbulent flow in the boundary layer channel

at very low speeds. This includes the introduction of smoke both

in bulk and locally along with velocity profile measurements.

1lowing is a discussion of the overall program described in these work

1+s that have been obtained.

TXPERIMENTAL FACILITY AND INSTRUMENTATION

The experimental facility and instrumentation have been described in

some detail in references 4 and 5 and will be covered only briefly here.
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711l experiments performed under this contract were conducted in the
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boundary layer channel facility which is an open-circuit wind tunnel ces
for study of the boundary layer produced on the wall of the 25-foct long test

section. Details of this facility are given in reference 6.

cnsisted of a2 fast response pressure transducer
¥Model 121 Pressure Meter) for velocity and pressure measurements, constant temp-
erature hot-wire probes for turbulent velocity fluctuations and mean velocity
measurements, and a Tloating element skin friction balance for shear stress

ry

measurements. The skin Triction balance is described in detail in reference 7.

VORTEX~-BOUNDARY LAYER INTERACTICONS

Tne first phase of the study into the effects of ordered veoriticity added
to = turbulent boundary layer was concerned with spiral longitudinel vortices.
Trne vortices were generated by lifting [iat plate elements fixed
section wall. These results have been reported in reference 3. The conelu-

sions from this report are as follows:
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i€ mixing
the boundary layer, the skin friction is both decreased and increased
locally, but the integrated effect, greater than a few element
heights downstream, 1s to increase the skin friction.

The major effect on skin friction is found tc be due to the mixing

~
.

added by the vortices, whereas the effect of the form drag of the
elements i3 not significant.

3. Vortices generated well inside the turbulent boundary layer affect
the skin friction and velocity profile far downstream of the point
of origination.

4, There is an indication from the limited data taken with the different
spacing arrangements that the average effect on skin friction depends
only on the number of elements per unit transverse length and not on
the spacing. This implies that the mutual interference effects of
the vortices are small for the spacings tested.

5. For the configurations tested, the ratio of angular velocity to form

drag is a maximum, and the angular velocity approaches a ccnstant




vazlue, near an element angle of attack ol eight degrees. There-

o

incurred by overation of

Ui

fore, an unnecessary Torm drag penalty 1
this type of element at greater angles of attack, regardaless cf

the application of the increased mixing."
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As can be seen from the above conclusions, the results ¢

program were negative in so far as drag reduction is concerned. However,

these experiments provided new information which might be useful to anyone
interested in the use of vortex generators to improve the momentum deficit

.

Tne cecond phase of the study, vwhich was concluded during the last con-

L3 3 - 3 4.2 - .. o 3 ~ T oy ey - - ~
met oeriod, was concerned with transverse vortices. The results of these

wenis are reporied in detail in reference 9. The summary from that

report and the conclusions drawn Ifrom the study are as fcllows:

" .:; part of an experimental investigation cf techniques for reducin
b (o)
turbulent skin friction drag, small transverse disturbances were introduced

into a fturbulent boundary layer. The boundary layer was formed on the test
section wall of a facility designed especially for low-speed boundary layer

studies. Perlodic jets of alr were injected into the boundary layer from a

are vresented as a Tunction of blowing rate, pulse frequency, and lceation
in the low Tield. The experiments show an interesting relation beiween tur-
bulence intensity and skin friction drag, but no promise is shown {or realiz-

ing 2 net drag reduction due to the power requirements of the particular

"These experiments are by no means sufficient to completely describe
the mechanisnm responsible for reducing skin friction drag. A thorough under-

the phrenomenon will require much more work. However, several

friction reduction has been accomplished by the introduction

ol low turbulence air into a turbulent boundary liayer. The fact

Iy '




L
9]
<
3
ot
e
'3
s
Q
o
W

possible with either periodic o

credits the importance of any vortical motion

n

kin friction. This effect, along with the effects on the la

[o}]

due to
modifi

the wall, indicate that the skin friction reduction is

thickening of the viscous sublayer rather than a groiss

the velocity profile as might be expected with large scale vo

s in reference 2. (Eggers, A. J., and Hermach, C. -

1955).
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work toward developin

worthwhile.

The turbulence reduction is probably due to the mixing of low
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flow in the The

fects occur with periodic rather

at a given blowing rate suggests that =

is achieved with the former due o the higher jet wve

With these results the vortex-boundary laver interaction

minated;

sdditional attention in the future.

TURBULENT PIPE FLOw AT VERY LOW 3PZEDS

The latter portion of the present contract
turbulent flow at low speeds as
ement for 1965-1966.

the maximun stream velocity is in the range of two to four feet per

wOrk state

\../

{Reynolds number on the order of 6,000 based on channel diameter

lose to fully de
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This flow condi

flow near the channel entrance.

i
terest for two reasons; the turbulent mixing action occurs slowly enocugh to

.  The turbulence intensity near the wall is reduced coincident with
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studv was

specified in task 2 of

By operati the boundary layer channel
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more efficient mixing
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however, the results suggest s:veral areas of interesti tnat may merit
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veloped turbulent pipe flow may be achieved by properly

tion is of in-




allow visual observation, and the viscous sublayer becomes thick enough (ap-
proximately 1/4-inch) to allow surveys not normally possible in turbulent flow

at higher velocities.

In order to confirm that the flow at these low velocities was in equilib-

- - . PR e . - f =
riwn the veloecity profiles at twe, three, and four feet per second (measured

at the center of the stream) were compared with Coles'lO empirical curve for

the law of the wall. The three profiles are shown in Figure 1. The data for

two feet per second are shown to lie somewhat above (oleg' curve znd
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irst thought that the flow was not fully reaching equilibrium. However, Gill

and “cher have shown that this is to be expected at very low Reynolds num-

data compare favorably with their analysis.

smoxe probes of sub-critical size were emploved o visually check

the zurbulence of the flow. Vhereas at relatively high velocities the smcke
manating from the probe seemed to diffuse immediately into a conical pattern

ng downstream, the same test at the low velocities showed a distinct

[

stretch
filament of smoke that wavered around in a random pattern. 3By taking multiple
exposure photographs of the smoke filament in the low velocity stream the

andom patiern was seen to be confined in a2 conical region similar to that seen
at the higher velccities From these observations it was concluded +that the
Tlow was turbulent with the only difference in the variocus velocity ranges being
in the ccale and mixing rates of the turbulence.

Many interesting experiments could have been performed with the low veloeity
turbulent flow, but it was necessary to decide what effort would be most bene-
ficial to the overall program that could be accomplished in the remaining con-
act period. One significant result of the vortex-boundary layer interaction
study indicated that the observed skin friction reductions were due to a modi-

fication of the viscous sublayer through a reduction in turbulence intensity
It is well known that disturbances are damped as they feed through the viscous
sublayer toward the wall, but l1ittle is known about the actual process. An
analytical study has been underway to attempt to determine the functicnal form
be found for predicting the sub-
layer thickness in terms of flow parameters. This would hopefully lead to

better ways of predicting skin friction effects in turbulent flow.




One requirement for the analytical study was to know at vhat speed,rela-
tive to the stream,that turbulent eddies or disturbances were propagated and
what distribution, if any, the propagation speed had over a cross section of
the Tiow field. Sternbe;r'g*'2 used correlation techniques with turbulence data
from the literature to show that large scale disturbances propagate at a con-
stant longitudinal speed throughout the turbulent core; that speed being ap-
proximately 80 percent of the maximum stream velocity. Sternberg also theorizes
that all disturbances in the viscous sublayer are induced by th2 large scale
disturbances outside the sublayer and thus must have the same propagaticn speed.
that large scale disturbances (one-half the boundary layer

3
“hickness of greater) move at the same relative speed regardless of their loca-

+inm,  Eecause of the general lack of data aveilable from studies of the sub-
syer Sternberg was not able to confirm nis theory for this region. Tnis then

became the point of interest for the remainder of this contract stuly.

Constant temperature hot-wire probes were again used for the experiments.
The first probe had two similar but separate wires mounted, one behind the other,
with O.3-inch separation. The wires were set parallel to the wall and normal
to the stiream direction. The probe was adjusted on the traversing mechanism
sc that both wires were always the same distance from the wall. The signals

.

from the twWwo probes were fed into a dual channel oscillograph. The oscillo-

i

n traces shoved the two signals to be generzlly similiar but the zpatial

correlmtion was only fair and yet the time delay between lhe

z3me disturbance on both channels was t¢o small to measure with suitable ac-
suracy. larger separations of the wires improved the ability to graphically
measure the time delay but this caused even poorer correlations. Smaller

separations had the opposite effects.

Assuming that observation of the vertical component of velocity fluctua-
tions rather than the longitudinal component might alliow better identifica-
ticn of large scale disturbances a different type of double-wire probe was

o

built. The new probe had two wires with axes parallel to the mean flow direc-

tion and 1lying on a common iine. The wire centers were C. & inches apart. Tnese

wires were primarily sensitive to vertical and transverse fluctuations. The

sicnals obtained with the two wires were remarkably similser even though ine
o J &




wire ceparation was relatively large. The time difference in the two signals

was great enough to allow measurement with nominal accuracy.

A series of measurements were made with the longitudinal wire probe at

several flow rates in the boundary layer channel. The probe was traversed

rom the wall to the channel centerline. 3Several measurementis were taken and

averaged at each position. Xnowing the distance between wires and the average
time difference in the signals the disturbance velocities were calculated and

the wall. A typieal plot of these dat

piotted versus distance from 111 A typ

in Figure 2 for a velocity at the channel centerline of 4,03 feet per second.
Tne repeatability of the measurements was good enough tnat the distribution
trend shown is believed to be correct. It will be noticed that the disturbance

velocity is not constant across the flow field and is actually somewhat similar

in shape to the mean velocity profile.

A word of explanation is in order concerning the mean velocity profile. It

will be noticed that the flow is slightly asymmetrical with respect to the cen-

mixing and temperature control to the air before it entered the channel. The
disturbance velcocity data were tezken in the lower half of the channel ana should

be compared to the corresponding branch of the mean velocity profile.

3ince the initial experiment indicated that the disturbance velocity was
not constant across the flow field it was desired to devise a means of more
accurate measurement. The double-wire probe with wires mutually parallel but
transverse to the flow was used once again but with the wires closer together.
This time a method of electronically measuring the time displacement cf the dis-
“urbance signal was tried. For two signals identical in all respects except phase
it may be shown mathematically that the phase difference is related to the
ratioc of the rms value of the algebralc difference in the two signals to the

rms value of one of the signals. Specifically, for twc signals such as




o
u (t) = [a_cos 2rnt + b sin 2rnt] dn
1 o n n
[\ﬁ
u,(t) = J [z cos 2m(t + <) + b sin am(t + 1)} dn
]

the time difference in phase, 1, may be shown to lie between the limits

N '\[[ul(t) - uz(t)]2§ < L ’\/ (u, () - uz(t)]z
I'lO + An or le- nO or ulz

A

By subtracting the signals electronically and inspecting a single frequency com=-
ponent, n_s with a wave analyzer the above limits may be determined. For an
ideal case in which the bandwidth, An, of the wave analyzer is zero the limits
converge giving a specific value for 1. For an actual case, the accuracy with
which 17 may be determined depends on th& ratio of an to no. The success of

this technique also depends on the phase difference being sufficiently small

such thsat

cos 2t >~ 1
sin 2mt ~ 2mt .

Unfortunately, acceptable results have not yet been obtained with this
approach. The problem may be due to an insufficient representation of the
signal waveform or to the approximations that were made in the above analysis.
Another source of error was a mutual interference effect between the two hot
wires which was found to be dependent on both the wire spacing and the local
stream velocity. In order to check the‘measuring techniques an artificial
periodic disturbance was put in the flow by blowing into the entrance section
with the blowing apparatus used in the vortex-boundary layer experiments. With

the two wires spaced approximately 0.030 inches apart and no net flow in the

‘channel the signals from the artificial disturbances were found to be out of

-9-




phase by 180° as shown by the two wires. With very low velocities in the
channel the signal from the downstream wire was attenuated, the attenuation
increasing with velocity. At some velocity on the order of one or two feet

per second the downstream wire signal would vanish while the signal from the
upstream wire appeared to be unchanged. As the stream velocity was further
increased the downstream wire would again show a signal which was nearly in
phase with that of the upstream wire and increased in intensity with velocity.
If the heating current to either wire was turned off the signal from the other
wire would take on an entirely different appearance. This was proved to not
be wake effects by orienting the wires in various arrangements so as to be sure
one was not in the wake of the other. These anomolies are believed tc have
been due to conduction effects caused by the proximity of the wires in a manner
sonewhat similar to the effects observed when & hot wire is placed close to

a relatively large body of a different temperature such as the channel surface.
This phenomenon might be partially responsible for the apparent distribution in
the data shown in Figure 2. However, the probes used in those tests were
spaced far enough apart that the effects should have been very siight.

One other approach was made to the problem whereby the two signals were
electronically moved together in phase and the amount of phase shift required
was a measure of the time displacement of the two signals. A capacitance, re-
sistance network was devised which would allow one signal to be shifted in
phase with respect to the other signali. Ideally, when the two were in phase
their algebraic difference would be zero. In practice, the phase of one signal
was adjusted until the difference in signals reached a minimum level. At this
point the RC time constant of the circuit was a measure of t. Again, this
technique provided no improvement in the results, probably because of the same

reasons stated before.

It is still believed that an accurate measurement of the disturbance
velocities can be made by some electronic means with suitable probes. Time
limitations have curtailed efforts in this area at the present time but addi-
tional efforts will be made at a later date. This report concludes the work
on this program covered by NASA support, but it is intended that the program
will continue at LTV on a limited basis as time allows.

-10=-




GENERAL

Professional personnel assigned to this contract during the fourth guarter

were:

W. A. Meyer - Principal Investigator, cne-fifth time.

J. G. 3pangler - Research Scientist, one-half time.
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Figure 1 Law of the wall velocity profiles.
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